Photosensitizing flavoproteins have great potential as tags for correlative light and electron microscopy (CLEM). We examine the photostability of miniSOG mutants and their ability to photooxidize diaminobenzidine, both key aspects for CLEM. Our experiments reveal a complex relation between these parameters and the production of different reactive oxygen species.
Correlative (or correlated) light and electron microscopy (CLEM) is a powerful method for dissecting cell and tissue structure and function at high spatial resolution. Each imaging mode provides unique information, and the combination of the two can contribute to a better understanding of the spatiotemporal patterns of protein expression, trafficking, and function. 1,2 One of the most popular strategies for CLEM is the use of 3,3 0 -diaminobenzidine (DAB)-based staining. DAB can be locally oxidized by an enzymatic or a photoinduced reaction to form an insoluble osmiophilic polymer, which provides contrast in EM after staining with osmium tetroxide. 3 Critical to these methods is the use of affinity-based or genetically-encoded tags that label specific proteins of interest and that can site-specifically induce DAB polymerization.
We focus here on the CLEM strategy that relies on the photoinduced polymerization of DAB, in which the tag acts as a photosensitizer that generates reactive oxygen species (ROS) that in turn oxidize DAB. 4 While this strategy was used decades ago by injecting Lucifer yellow, 5 or immunostaining with eosinconjugated secondary antibodies, 6 it has recently regained interest with the development of the genetically-encoded tag miniSOG (for ''mini Singlet Oxygen Generator''). 7 MiniSOG is a 106 amino acid flavoprotein derived from the LOV domain of phototropin 2 in which the active-site cysteine has been mutated.
Upon blue-light irradiation, miniSOG produces enough singlet oxygen to induce DAB photo-oxidation, and has been used successfully in a number of CLEM applications 7-11 even if its singlet oxygen generating properties are lower than initially thought. 12, 13 Improved miniSOG versions would enable a wider applicability of this tag for imaging the localization of low copy number proteins. However, finding better tags for DAB photooxidation has been challenging for several reasons. First, the full mechanistic details and the final product of the light-induced DAB polymerization reaction are unknown. 14, 15 While photosensitized singlet oxygen is thought to be the main responsible for DAB photo-oxidation, 6,7 the participation of superoxide (either directly 14 or mediated by Mn 2+ 16 ) as well as the direct photoinduced electron transfer reaction between the photosensitizer and DAB 14 has been suggested. The fact that Lucifer yellow, the first dye used for DAB photo-oxidation in CLEM, 5 was later shown to produce superoxide and hydrogen peroxide 17 also adds some confusion to the literature. In parallel, the variety of ROS interconversion reactions, the difficulty to identify different ROS specifically using indirect chemical probes 18 and the complex photophysical behaviour of genetically-encoded photosensitizers 12, 13, [19] [20] [21] [22] has precluded a full understanding of the requirements for optimal CLEM tags.
The suitability of photosensitizing dyes as tags for CLEM can be readily tested by monitoring spectroscopically the optical density increase produced upon DAB polymerization, 6 since CLEM experiments are very demanding and time-consuming. Herein, we screen the ability of miniSOG mutants to photooxidize DAB as well as their fluorescence photobleaching properties in order to predict their performance in CLEM. We compare the DAB photo-oxidation data to direct measurements of singlet oxygen photosensitization efficiency using time-resolved detection of its phosphorescence in the NIR, as well as to their relative generation of other ROS. For this study we have selected three mutants: (i) Q103L, ‡ which has been previously shown to have enhanced singlet oxygen photosensitization properties compared to parent miniSOG; 19 (ii) Q103V, a novel mutant in which a different hydrophobic residue has been introduced; and (iii) W81F, which is a less efficient singlet oxygen photosensitizer than miniSOG. 12 Blue light irradiation of miniSOG and mutants W81F, Q103L and Q103V in the presence of DAB (0.32 mM) induces its photosensitized polymerization, which can be followed spectroscopically as a decrease in the optical density at B330 nm and the appearance of a broad band at longer wavelengths with a maximum at B450 nm (Fig. 1) . The increase in optical density at 450 nm upon increasing irradiation time is compared for all mutants in Fig. 2 . The enhanced green fluorescence protein (EGFP), which produces minute quantities of singlet oxygen, 23 is used as a negative control. By determining the slope of the initial points of the curve (Fig. S1 , ESI †), the relative ability of the mutants to polymerize DAB can be quantified ( Fig. 3) . Table 1 shows that miniSOG Q103L polymerizes DAB 1.4-fold more efficiently than parent miniSOG. The new variant Q103V also stands out as an efficient photosensitizer for DAB polymerization, with very similar properties to Q103L, confirming that replacement of glutamine by a hydrophobic residue enhances the photosensitizing properties of miniSOG. 19 Indeed, the Q103V mutation is even more efficient than Q103L, by a factor of about 1.5, for the purpose of singlet oxygen production (Table 1 and Fig. S2 , ESI †), as measured by direct detection of singlet oxygen phosphorescence in the NIR. It is interesting to note that these two variants produce about 4-to 9-fold more singlet oxygen than parent miniSOG, however their ability to photosensitize DAB polymerization in our experimental conditions is only up to about 1.4-fold. We have confirmed that this observation is not due to a saturation effect by performing the experiment at a higher DAB concentration of 0.66 mM, with very similar results (not shown). The prediction from measurements in solution is consistent with transmitted light microscopy experiments that allow monitoring DAB polymerization in the cytosol of bacteria expressing these proteins, in which no dramatic differences can be observed in the performance of miniSOG and mutants Q103L and Q103V in our experimental conditions ( Fig. S3 , ESI †). As a side note, EGFP induces very low, but observable, DAB polymerization (Table 1) , and indeed it has been previously shown that EGFP can be used in CLEM. 24, 25 The values for FMN have also been included in Fig. 2 and 3 , and Table 1 for reference.
In order to gain more information about the mechanism for DAB polymerization, PBS was replaced by a deuterated buffer (dPBS), as D 2 O greatly increases the lifetime of singlet oxygen and thus its ability to encounter a reaction partner. 26 Unexpectedly, no substantial difference was found between both solvents (Fig. S4 , ESI †). It is worth noting that the interaction between DAB and singlet oxygen is complex, as it leads to DAB photo-oxidation as well as to physical quenching of singlet oxygen. 14 The lack of an observable isotope effect on the photosensitized DAB polymerization suggests that the lifetime of singlet oxygen is not a limiting factor in this interaction.
The production of ROS other than singlet oxygen was also tested using the fluorescent probe dihydroethidium 19, 28 (Table 1 and Fig. S5 , ESI †). It was found that W81F is the mutant that produces highest amounts of ROS. However, W81F polymerizes DAB less efficiently than the other mutants, which does not allow extracting a clear correlation between the generation of ROS other than singlet oxygen and the ability to polymerize DAB. Moreover, it was previously shown that KillerRed, 29 a genetically-encoded photosensitizer that produces other ROS than singlet oxygen, 20 does not polymerize DAB and is therefore not suitable for CLEM. 7 Since photostability is a crucial aspect when assessing fluorophore performance in fluorescence microscopy, we monitored the rates of fluorescence photobleaching of miniSOG mutants. Fig. 4 shows that W81F is the least and Q103L the most photostable of the mutants tested, although the latter very close to miniSOG. Clearly, the trend in fluorescence photobleaching does not correlate with the self-sensitization of singlet oxygen, i.e. Q103L produces 19 times more singlet oxygen than W81F but it is the most photostable. On the other hand, W81F is the least photostable and the most efficient producing other ROS, suggesting that these two properties are related. In parallel, oxygen-independent pathways may contribute to photobleaching of these proteins. Indeed, miniSOG has similar photostability to other flavin binding fluorescent proteins (FbFPs) that have not been reported to photosensitize ROS. 30 We have confirmed that photobleaching shown in Fig. 4 is irreversible and does not correspond to reversible semiquinone formation, 31, 32 as already reported for miniSOG in solution. 30 While the detailed mechanisms for FbFPs photobleaching are not known and merit further investigation, it has been shown that constraining the FMN chromophore improves photostability in these proteins. 33 In conclusion, simple screening of DAB polymerization and fluorescence photobleaching is useful to predict the performance of flavoproteins as novel photosensitizers for CLEM. This is a valuable test since the ability to polymerize DAB does not clearly correlate with the efficiency of the photosensitizers to generate singlet oxygen or other ROS. MiniSOG mutants with a hydrophobic residue in position 103 induce somewhat more efficient DAB polymerization, and we report the novel mutant Q103V has a 1.5 higher efficiency of singlet oxygen production than the previously reported leucine mutant. 19 Moreover, our fluorescence photobleaching experiments show that photooxidation by self-sensitized singlet oxygen is not a major photobleaching pathway in miniSOG variants in these conditions, and that the photosensitization of other ROS may play a more significant role. These observations are important for the development of improved flavoproteins for CLEM and other microscopy applications. [34] [35] [36] [37] [38] This work has been funded by the Spanish Ministerio de Economía y Competitividad (RyC2011-07637, MAT2012-34487, BIO2012-34835, CTQ2013-48767-C3-1-R, CTQ2015-71896-REDT, MAT2015-66605-P) and the European Commission Marie Curie Actions (FP7-PEOPLE-2010-IRG-246688, FP7-PEOPLE-2011-CIG-303620, FP7-PEOPLE-2011-COFUND-291803). We thank the Regan Lab at Yale University for the plasmid encoding EGFP. 39 Notes and references ‡ We follow the same residue numbering criteria as the original miniSOG paper. 7 In ref. 19 this residue was referred to as 102. Fig. 3 ), F D values and relative production of ROS other than singlet oxygen for all studied mutants in airsaturated PBS unless specified otherwise 
